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Abstract 
Circular dichroism (CD) caused by the response of a chiral object to circularly polarized 
light has been well established, and the strong CD of plasmonic meta-molecules has 
also become of interest in recent years; however, their response if the light also has 
orbital angular momentum is unclear. In this paper, the dichroism of a plasmonic 
cuboid-protuberance chiral structure under the illumination of a light beam with both 
orbital and spin angular momentums is numerically investigated. Distinguished spectra 
are observed under the different momentums. The circular dichroism under the 
combination of vortex beam and light spin is enhanced. This phenomenon is attributed 
to the partial spatial excitation of the nanoparticle, and the strong dichroism is 
simultaneously caused because of the interaction of the induced electric and magnetic 
modes and other higher-order modes caused by the partial excitation of the vortex beam. 
This research provides further insight into chiral light-matter interactions and the 
dichroism of light with orbital angular momentum. 
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Introduction 
It is well known that light can have both spin angular momentum (SAM) and orbital 
angular momentum (OAM). The different responses of chiral matter to circularly 
polarized light (CPL) have been well established. In particular, in recent years, 
plasmonic chirality has become a popular topic and has attracted substantial research 
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attention. Chiral molecules in nature have quite weak scattering optical activity (OA) 
cross-sections, while plasmonic structures can enhance the circular dichroism (CD) 
because of the significant enhancement of both of the electromagnetic field[1-3] and 
super chiral field[4-6] in the vicinity of the structures.[7] Moreover, plasmonic 
structures with chiral morphologies (which are also called chiral meta-molecules) are 
designed for strong OA response. Strong CD responses have been recently observed in 
various structures, such as swastikas,[8-10] DNA-based assembled gold particles,[11-
13] crossed rods,[14,15] pairs of mutually-twisted planar metal patterns,[16] metal 
helices,[17-20] and oligomers of nanodisks,[21-23] among others.[24-27] The 
mechanism of the CD response of chiral plasmonic structures has been proposed by 
different models. The simplest model is the Born-Kuhn model based on a 
phenomenological explanation, in which the x and y components of the electric field 
vectors with different dilations overlap with the two spatially separated rods at 
advanced/delayed times to cause varied responses[15]. For planar symmetric structures 
under oblique excited light, the CD is explained as the coupling of the electric and 
magnetic modes.[28] Some other works have also explained the CD from the 
perspective of the symmetry of the structures[27]. A more profound explanation is the 
analogy between plasmonic meta-molecules and chiral molecules, the chiral response 
mechanism of which has been sufficiently addressed.[29] The CD response of chiral 
molecules originates from the coupling of electric-magnetic dipole moments and the 
coupling of electric dipole-quadrupole moments. Electric-magnetic dipole coupling is 
usually brought in in plasmonic chirality and can be described as the mixed electric and 
magnetic polarizability, while the coupling of electric dipole-quadrupole moments is 
ignored because it is weaker. The OAM of light beams established by Allen et al[30] 
became characteristic of light beams, and has been used for the classification of 
light,[31] information encoding,[32,33] optical trapping rotation,[34] quantum 
entanglement,[35,36] super-resolved imaging,[37] the photonic spin Hall effect,[38] 
spinning object detection,[39] and wavefront manipulation,[40] among others.[41-44] 
Additionally, the OAM has analogous effects to those of SAM during light-matter 
interactions, such as CD. Although the dichroism induced by circular polarization has 
been extensively studied, there have been fewer reports on the dichroism of OAM light. 
Recently, Kerber et al. employed nanoantennas to detect the status of a twisted light 
beam via phase conversion.[45,46]. They also extended the scattering dichroism of 
OAM light of nanoparticles[47]; however, in this work, they did not propose a detailed 
mechanism that accounts for the large difference.  
In the present work, a simple cuboid-protuberance chiral structure under a 
Laguerre-Gaussian beam with both SAM and OAM was investigated via finite element 
method numerical simulations. The dichroisms of different OAM and SAM 
combinations were studied, and the OAM beam-induced electric-magnetic mode 
interactions were used to explain the strong dichroism. The mixed electric and magnetic 
polarizability was used to deduce the extinction of the structure under a vortex beam. 
Under different OAM excitation modes, the extinction spectra were found to be quite 
different and resonant at different wavelengths. The results demonstrate that OAM 
primarily results in the higher-order oscillations of the particle because of the partial 
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excitation, and SAM primarily results in an optical chiral field.  
 
Simulation model  
   
Figure 1. (a) Top view of a chiral gold nanostructure. (b) Schematic diagram of chiral gold 
nanostructures vertically excited by L-G beams with ݈ ൌ ൅1 and ݏ ൌ ൅1. 
 
In the Cartesian coordinate system, the electric field distribution of a Laguerre-
Gaussian (L-G) beam propagating along the z-axis is divided into three components. 
The three components of the harmonic varying electric field amplitude (the time factor 
e௜ఠ௧ is hidden in the following because of harmonicity) in the paraxial approximation can 
respectively be expressed as 
 ۳෨ୠ୶ ൌ ଵ√ଶ	E଴ ∙ F ∙ e௜థ,  (1a) 
 ۳෨ୠ୷ ൌ ଵ√ଶ E଴ ∙ F ∙ e௜థ ∙ e୧∆ఝ,   (1b) 
 ۳෨ୠ୸ ൌ 0,  (1c) 
the amplitude and phase of which are as follows: 
 F ൌ ට஠ଶ Cሺp, ݈ሻ
୵బ
୵ሺ୸ሻ ቀ
୰√ଶ
୵ሺ୸ሻቁ
|௟|
L୮|௟| ቀ ଶ୰
మ
୵మሺ୸ሻቁ exp ቀെ
୰మ
୵మሺ୸ሻቁ, (2) 
 e௜థ ൌ exp	ሺെik ୰మଶୖሺ୸ሻሻ exp൫െikሺz െ z଴ሻ൯ expሺെi݈߮ሻexp	ሺi߰ሺzሻሻ,  (3) 
where	E଴ ൌ 1ܸ/݉, ∆߮ ൌ గଶ ݏ, ݏ ൌ േ1, 0 represents right / left (RCP/LCP) circularly 
polarized and linearly polarized light, respectively, r	=	ඥሺx െ x଴ሻଶ ൅ ሺy െ y଴ሻଶ is the 
radial distance from the center axis of the beam, and z is the axial distance from the 
beam's focus. Additionally, C(p,	l)=ට ଶ୮!஠ሺ୮ା|௟|ሻ! , 	݈  represents different OAMs , L୮
|௟| ൌ
L୮|௟|ሺp, |݈|, 	2 ௥
మ
௪మሺ௭ሻሻ is the generalized Laguerre polynomials (for simplicity, we consider 
the single-ring LG beams with zero radial index p ൌ 0 ), and wሺz) is the beam radius 
at position z and is defined as wሺz)= w଴ට1 ൅ ሺ୸ି୸బ୸౎ ሻଶ, z଴ ൌ 0	݊݉. The beam waist 
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	w଴ ൌ wሺ0) ൌ 200	݊݉	is fixed to get tightly focused beam in all wavelengths. The 
paraxial approximation condition is effective below 800 nm. And above 800 nm 
condition will be discussed in the discussion part. Finally, zୖ ൌ ୩୵బ
మ
ଶ  is the Rayleigh 
range, which is related to the waist at the focus, in which ݇ ൌ 	2π ௡஛బ, where λ଴ is the 
wavelength of the light in a vacuum and ݊ ൌ 1.25 is the effective refractive index of 
the surrounding medium. In Eq. (3), Rሺzሻ ൌ zሺ1 ൅ ሺ୸౎୸ ሻଶሻ	is the radius of curvature of 
the beam's wavefronts at z and ߰ሺzሻ ൌ ሺ2p ൅ |݈| ൅ 1ሻarctanሺ ୸୸౎ሻ is the Gouy phase at 
z. The phasor sign is negative just follow the definition of the software. 
The OAM is quantified with ݈ ൌ 0, േ1,േ2,…, and SAM is quantified with ݏ ൌ
0,േ1. In Figure 1a, a cuboid-protuberance gold chiral nanostructure is shown to consist 
of a block with a side length of	ܮ ൌ 100	nm and four hemispheres with diameters of 
݀ ൌ 50	nm . The thickness ݄  is 30	nm . The nanostructure is placed in the ݖ଴ 
position and excited by an L-G beam with both OAM and SAM in the normal direction, 
as shown in Figure 1b.  
In the study, the dichroism ∆σ is defined as 
 ∆ߪ௟,௦ୀ௟ଵ,௦ଵ;	௟ଶ,௦ଶ ൌ ߪ௟ଵ,௦ଵ െ ߪ௟ଶ,௦ଶ,  (4) 
where ߪ௟,௦ represents the extinction cross-section of the particle under the illumination 
of an L-G light with OAM ݈  and SAM ݏ . When ݈ ൌ ݈ଵ  is fixed, ∆ߪ௟,௦ୀ௟ଵ,௦ଵ;	௟ଵ,௦ଶ 
represents the SAM CD ∆ߪ௟ଵௌ஺ெ (and a traditional CD for ݈ ൌ 0). When ݏ ൌ ݏଵ is 
fixed, ∆ߪ௟,௦ୀ௟ଵ,௦ଵ;	௟ଶ,௦ଵ  represents the OAM CD ∆ߪ௦ଵை஺ெ . When the total angular 
momentum (TAM) ݆ ൌ |݈ ൅ ݏ| is fixed, ∆ߪ௟,௦ୀ௟ଵ,௦ଵ;	௟ଵ,௦ଶ represents the total angular 
momentum CD ∆ߪ௟,௦ୀା௝;	ି௝்஺ெ . 
Model simulations were performed with full-wave numerical simulations by using 
a commercial finite element method software package (COMSOL Multiphysics 5.4). 
The cuboid-protuberance nanostructure was placed in a homogeneous medium with 
݊ ൌ 1.25 . Non-uniform meshes (the largest mesh was less than λ/6 fixed at ߣ ൌ
500	݊݉  and the smallest mesh was about 2 nm) were used to format the object. 
Perfectly matched layers (PML) were used to minimize the scattering from the outer 
boundary. The scattering cross-sections were obtained by integrating the scattered 
power flux over an enclosed surface outside the structure, and the absorption cross-
sections were obtained by integrating the ohmic heating within the structure. The 
dichroism was calculated as defined previously.    
 
Results and discussion 
Combined dichroism 
Figure 2a presents the extinction cross-section spectra of the structure under the 
excitation of an L-G beam with ݈ ൌ 0,േ1 and ݏ ൌ 0,േ1. The spectra of ݈ ൌ 0 are 
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the same as the normal resonances of a particle without a vortex (data not shown) with 
the main resonant peak at around 810 nm and two smaller peaks. An obvious difference 
of the spectra emerged when OAM (݈ ് 0) was added, and the resonance peaks were 
quite different (peaks 4, 5, 6, 7, and 8 in Figure 2a). For ݈ ൌ ൅1, ݏ ൌ ൅1, ݈ ൌ െ1, ݏ ൌ
െ1, and ݈ ൌ േ1, ݏ ൌ 0, the main resonant peaks were red-shifted to around 1000 nm 
as compared with the no-vortex excitation. For ݆ ൌ 0, the main resonant peaks were 
blue-shifted to around 500 nm and a broad peak at 1470 nm appeared. It can also be 
found from the spectra that the total extinction cross-section decreased with the 
decrease of |݆|  (݈ ൌ 1) from 2 to 0. Interestingly, every two spectra respectively 
distinguished by a line and symbol almost overlap with each other: ݈ ൌ ൅1, ݏ ൌ ൅1 
coincides with ݈ ൌ െ1, ݏ ൌ െ1 , ݈ ൌ ൅1, ݏ ൌ 0  coincides with ݈ ൌ െ1, ݏ ൌ 0 , and 
݈ ൌ ൅1, ݏ ൌ െ1 coincides with ݈ ൌ െ1, ݏ ൌ ൅1. Additionally, the spectra exhibited 
little differences for the same values of |݆| and |݈|. Figure 2b presents the dichroism 
of the almost-overlapped spectra. For the normal CD (݈ ൌ 0), the maximum value of 
∆σ௟,௦ୀ଴,ାଵ;	଴,ିଵ is obtained at the maximum peak 3 of the extinction spectrum, and a 
negative value at the peak 1 is that of a normal chiral phenomenon. For |݈| ൌ ൅1, the 
main CD peak at around 550 nm decreases with the decrease of |݆|. Figures 2c-2f 
present the electric field intensity distributions and surface charge distributions of the 
system at the peaks shown in Figure 2a. Figure 2c presents the ݈ ൌ 0 excitation, which 
is the same as the traditional CPL excitation with dipole and higher-order modes. For 
|݆| ൌ 2, the resonance mode (990 nm) is similar to a whole-surface mode oscillating 
vertically (Figure 2d), the surface charge density of which is less than that of the ݈ ൌ 0 
excitation. For |݆| ൌ 1 (Figure 2e), the main peak at 1020 nm similarly presents a 
whole-surface mode. The small peak at 700 nm is a higher-order mode with long, 
saddle-shaped strip charges that cross and alternate with each other. The peak at 540 
nm is a higher-order mode. For |݆| ൌ 0 (|݈| ൌ ൅1, Figure 2f), the peak at around 1470 
nm shows a rotational crossed charge that lowers the energy. The peak at 700 nm is 
very similar to that of the |݆| ൌ 1 condition, and the peak at 500 nm is a higher-order 
mode. The reason for the formation of such patterns when |݈| ൌ 1 is that the vortex 
beam wavefront arrives at different nanoparticle parts at different times, and the 
polarization alternates simultaneously. Therefore, because of the special beam 
wavefront of the vortex light, the combination of the OAM and SAM of the light will 
lead to diverse optical responses of the chiral structures.  
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Figure 2. (a) Extinction cross-section spectra of a chiral gold structure under incident light with 
݈ ൌ 0,േ1 and ݏ ൌ 0,േ1. (b) Corresponding four dichroisms. The cyan diamond solid line 
represents normal CD, and the red square solid, green short dash, and blue solid lines represent 
∆ߪ௟,௦ୀା௝;	ି௝்஺ெ  for |݆| ൌ 2, 1, and	0,  respectively. (c-f) Corresponding electric field intensity 
(column 1 and 3 for each subpanel) and surface charge distributions (column 2 and 4 for each 
subpanel) at the selected locations.  
 
In additional to dichroism described previously, other combinations also can be 
derived by Eq. (4). Figure 3a presents the dichroism ∆ߪ௟ଵௌ஺ெ for a fixed OAM of light 
but with an LCP or RCP SAM. Excluding the condition of ݈ ൌ 0 (the black solid line) 
discussed previously, the other two conditions result in quite different responses, the 
dichroisms of which are almost two orders of magnitude larger than the traditional 
dichroism. When the orbital momentum is reversed, the ∆ߪ௟ଵௌ஺ெ  spectrum is also 
reversed, and their profiles are symmetric. Figure 3b presents the dichroism ∆ߪ௦ଵை஺ெ 
for a fixed SAM of light but with different OAMs. The ݏ ൌ 0 condition was presented 
previously. For the conditions of ݏ ൌ േ1, ∆ߪ௦ଵை஺ெ  is also reversed but symmetric 
when the spin momentum changes its sign. The dichroisms ∆ߪ௦ଵை஺ெfor ݏ ൌ േ1 are 
also two orders of magnitude larger than that of the traditional dichroism. Therefore, 
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the combination of SAM and OAM can yield a much greater CD, which may be useful 
for nano-sized chiral device design applications.  
The conditions discussed previously all have symmetric excitation beam conditions, 
such as േ|݈|, േ|ݏ|, and േ|݆|. However, there remain other combinations of ݈ and s, 
such as ∆σ௟,௦ୀାଵ,ାଵ;ାଵ,଴ and ∆σ௟,௦ୀାଵ,ାଵ;	ିଵ,଴, etc. (see Figure 3c-f),, which all have 
quite strong dichroisms. 
 
 
Figure 3. (a) The dichroism of ∆σ௟,௦ୀ௟,ାଵ;	௟,ିଵ	 when ݈ ൌ 0,േ1 . (b) The dichroism of 
∆σ௟,௦ୀାଵ,௦;	ିଵ,௦ when ݏ ൌ 0,േ1. (c) The dichroism of ∆σ௟,௦ୀ௟,ୱ;	௟,଴ when ݈ ൌ േ1, ݏ ൌ േ1. (d) 
The dichroism of ∆σ௟,௦ୀ௟,ୱ;	ି௟,଴ when	݈ ൌ േ1, ݏ ൌ േ1. (e-f) The dichroism of ∆σ௟,௦ୀାଵ,௦;	ିଵ,௦, 
∆σ௟,௦ୀାଵ,௦;	଴,௦, and ∆σ௟,௦ୀିଵ,௦;	଴,௦ when ݏ ൌ േ1. 
 
To understand the connection between OAM and SAM in the dichroism illustrated 
previously, the coupled electric-magnetic dipole model was investigated with similar 
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steps as those conducted by Tang,[4] and the optical chirality C  is given by the 
following formula. 
 C ൌ கబଶ ۳ ∙ ׏ ൈ ۳ ൅
ଵ
ଶஜబ ۰ ∙ ׏ ൈ ۰  (5) 
When a chiral plasmonic nanoparticle is excited, both the electric and magnetic 
dipole modes will be induced and interact with each other. The mixed electric-magnetic 
dipole polarizability can be described as G෩ ൌ Gᇱ ൅ iGᇱᇱ. The electric dipole moment ܘ 
and magnetic dipole moment ܕ in the light field are respectively expressed as[4] 
 ܘ෥ ൌ α෥۳෨ െ iG෩۰෩, 
 ܕ෥ ൌ χ෤۰෩ ൅ iG෩۳෨,  (6) 
where α෥ ൌ αᇱ ൅ iαᇱᇱ is the electric polarizability, χ෤ ൌ χᇱ ൅ iχᇱᇱ is the magnetic 
susceptibility, and ۳ and ۰ are the local fields at the nanoparticle. 
The rate of excitation of the nanoparticle is 
 Aേ ൌ ۦ۳ ∙ ܘሶ ൅ ۰ ∙ ܕሶ ۧ ൌ ωଶ Im൫۳෨∗ ∙ ܘ෥ ൅ ۰෩∗ ∙ ܕ෥൯,  (7) 
where the brackets indicate an average over time. After substituting the L-G beam (Eqs. 
1a-c) into the expression and considering that the particle is very thin in the z-direction, 
using the approximation of z ൌ 0 yields the following:  
Aേ ൌ ૛|࢒|ୣ
షమ౮మశ౯మ౭బమ ห୶మା୷మห
|࢒|!|୵బ|మ ∙ ሺ
ன
ଶ ሺαᇱᇱ|E଴|ଶ ൅ χᇱᇱ|B଴|ଶሻ േ GᇱᇱേωImሺ۳෨૙
േ∗ ∙ ۰෩૙േሻሻ. (8) 
The difference ∆A ൌ	A൅ െ Aെ can be expressed as 
 ∆A ൌ ૛|࢒|ୣ
షమ౮మశ౯మ౭బమ ห୶మା୷మห
|࢒|!|୵బ|మ ∙ ሺG
ᇱᇱାCା െ GᇱᇱିCିሻ,  (9) 
 C ൌ െ கబனଶ Im൫۳෨૙
∗ ∙ ۰෩૙൯ (10) 
where C is superchiral field, which expresses the chirality of the electromagnetic field. 
For circularly polarized plane wave, Cେ୔୐ ൌ േ கబனଶୡ ห۳෨଴ห
ଶ
 (൅ refers to RCP, െ referes 
to LCP) and for linear plane wave, C ൌ 0 . ۳෨૙  and ۰෩૙  here refer to the same 
expression as CPL plane wave. From the expression it is clear that the vortex beam only 
adds a spatial distribution coefficient related to |݈| in the chiral field as compared with 
an ordinary beam. If the vortex beam is a plane wave with	݈ ൌ 0, the CD reduces to[28] 
 ∆A ൌ GᇱᇱାCା െ GᇱᇱିCି.  (11) 
   It can therefore be deduced that the OAM does not affect the sign of the chiral field 
at the waist on the paraxial approximation, and only affects the spatial distributions 
(Figure 4a). The difference between the resonant peaks and dichroisms can be discussed 
from the aspects of the mixed polarizability and field, as shown in Eq. (11). As is well 
known, a LG beam possesses zero amplitude at the axis, and there is a small hole with 
a very weak field in the middle of the beam, the size of which depends on |݈|.[48] 
During excitation, the nanoparticle is in the middle of the spot and the size of the 
particle is comparable with that of the hole. Therefore, the particle will experience a 
stronger field on the edges for |݈| ് 0 beams and will be excited on the edges with 
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retarded phase at different time points.[49] The polarization also varies with time for 
|ݏ| ് 0. For example, for ݈ ൌ ൅1, ݏ ൌ ൅1, the vortex illumination isophase surface 
will sweep over the particle in an anticlockwise direction with time, and the polarization 
at each point will rotate anticlockwise as well, as shown in Figure 4b. However, for 
݈ ൌ ൅1, ݏ ൌ െ1, the vortex illumination isophase surface will sweep over the particle 
in the anticlockwise direction with time, but the polarization at each point will rotate 
clockwise (Figure 4b). Other combinations like ݈ ൌ േ2, ݏ ൌ േ1 are analogous. The 
combination will cause a periodic time series, and the particle will be excited in 
different parts with different polarizations, as shown in Figure 4b. Therefore, multiplex 
modes are excited on the particle, as shown in Figures 4d and 4e.  
 
 
Figure 4. (a) Superchiral field of the background electric field ܥ௕ when ݈ ൌ 0, ൅1,൅2 and 
ݏ ൌ ൅1. (b) The combination of ݈ ൌ ൅1 and ݏ ൌ ൅1 in a periodic time series. The time 
sequence refers to the time line in one period. The yellow radial bars in the first column indicate 
the wavefront of the vortex beam arrives at the particle at that time. The blue arrows in the 
second column indicate the polarization at that time. The third column is the combination of 
the two (OAM and SAM). The green arrows indicate the time sequence. (c) Extinction cross-
section spectra of an achiral 4-fold rotational symmetrical structure under incident light with 
݈ ൌ 0,േ1 and ݏ ൌ 0,േ1. (d, e) Corresponding electric field intensity (column 1 and 3 for each 
subpanel) and surface charge distribution (column 2 and 4 for each subpanel) at the selected 
special location. 
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Figure 5. (a, b) Gᇱᇱ  value (normalized with volume) of a gold cuboid-protuberance chiral 
structure when ݈ ൌ 0,േ1,േ2. (c, d) Gᇱᇱ  value of an achiral 4-fold rotational symmetrical 
structure when ݈ ൌ 0,േ1,േ2. The value of ݈ ൌ 0 was multiplied by 0.2 for visibility in the 
graph.  
 
The second aspect of the dichroism is related to the mixed polarization Gᇱᇱ ∝
Imሺܘ∗⨂ܕሻ ൎ Gx′x′ ൅ Gy′y′ ൅ Gz′z′ ൌ 	Imሺܘ∗ ∙ ܕሻ due to the interaction of the electric 
and magnetic dipole modes. The electric and magnetic dipole moments are respectively 
given as[28] ܘ ൌ ׬dଷrᇱܚᇱρሺܚᇱሻ  and ܕ ൌ ଵଶ׬dଷrᇱሺܚᇱ ൈ ۸ሻ , where ρሺܚᇱሻ  is the 
charge density and ۸ሺܚᇱሻ is the current density. In our calculation, the optical density 
of states are already included in ܘ and ܕ, but the dimension is not included. So the 
dimension of G’’ should be s ∗ Aଶ ∗ eVିଵ. Different from the chiral molecules, the 
mixed electric-magnetic polarizability of plasmonic structures varies with different 
incident fields because the light field will induce different modes and affect the 
interaction between the electric and magnetic modes. The vortex light beam has a 
reshape wave front compared with the plane wave for the incident beam field, and the 
partial illumination of the particle by the reshaped beam will induce effective electric 
and magnetic oscillation modes of the particle, thus inducing different polarizabilities 
and G’’ values. Figure 5 indicates that, despite whether the structure is chiral or achiral, 
there will be an induced G’’ that varies with ݈. Additionally for the vortex beam (|݈| ്
0), the value of G’’ decreases as |݆| decreases for a fixed value of |݈|. The G’’ values 
for different |݈| values are not comparable here because the excitation field intensity 
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of the illumination on the particle is varied.  
According to Eq. (11), the G’’  values here are consistent with the dichroism 
presented in Figure 2b. The analysis here provides a straightforward and fundamental 
representation of the vortex dichroism.  
To further investigate the dichroism, the combination of OAM and SAM beams 
with ݈ ൌ േ2  was simulated, as shown in Figure 6. Figure 6a indicates that the 
reshaped beam induced new resonant peaks. When ݈ ൌ േ2, the resonant peak of the 
chiral structure splits at 810 nm as compared with that when ݈ ൌ േ1, which may be 
due to the enhancement of the interaction between odd plasmon modes caused by the 
change of the ݈ value (as shown in Figure 6a); the beam illuminates on the structure in 
two parts (Figure 6b insets). Figure 6b shows the CD; compared with the previous 
dichroism, the ∆σ values of the two structures at ݈ ൌ േ2 are about one order of 
magnitude smaller than those at ݈ ൌ േ1. It is believed that the interaction between the 
structure and the vortex light at 	݈ ൌ േ2 is weaker than that at ݈ ൌ േ1 due to the 
increase of the radius of the donut-shaped field, which leads to blue-shifting and smaller 
values of ܩ′′ and C on the particle.  
 
 
Figure 6. (a) Extinction cross-section spectra of a gold cuboid-protuberance chiral structure 
under incident light with ݈ ൌ േ2 and ݏ ൌ േ1. (b) Corresponding three dichroisms.  
 
A more detailed ∆σ with ݈ ൌ േ2 is presented in Figure 7, and is similar to that 
at ݈ ൌ േ1 . In Figures 7a-b, the dichroisms of ∆σ௟,௦ୀ௟,ାଵ;	௟,ିଵ  when ݈ ൌ േ2  and 
∆σ௟,௦ୀାଶ,௦;	ିଶ,௦ when ݏ ൌ 0, േ1 are plotted. When	݈ ൌ 0 or ݏ ൌ 0, the magnitude of 
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the dichroism is very small as compared with that when ݈ ൌ േ2 or ݏ ൌ േ1. As shown 
in Figures 7a-b, the symmetry between ∆σ௟,௦ୀାଶ,ାଵ;	ାଶ,ିଵ  and ∆σ௟,௦ୀାଶ,ାଵ;	ିଶ,ାଵ 
regarding the spectral pattern is obvious. More combinations of ݈	and ݏ are provided 
in Figure 7c-f. The conclusion regarding the value of	݆	for ݈ ൌ േ1 is still valid here. It 
is worthwhile to recognize that the conclusion (the decrease of the main CD peak with 
the decrease of |݆|) is likely valid for different values of |݈| if the excitation fields in 
the middle spot maintain the same intensity. 
 
Figure 7. (a) The dichroism of ∆σ௟,௦ୀ௟,ାଵ;	௟,ିଵ	 when ݈ ൌ 0,േ2 . (b) The dichroism of 
∆σ௟,௦ୀାଶ,௦;	ିଶ,௦ when ݏ ൌ 0,േ1. (c) The dichroism of ∆σ௟,௦ୀ௟,ୱ;	௟,଴ when ݈ ൌ േ2, ݏ ൌ േ1. (d) 
The dichroism of ∆σ௟,௦ୀ௟,ୱ;	ି௟,଴ when	݈ ൌ േ2, ݏ ൌ േ1. (e-f) The dichroism of ∆σ௟,௦ୀାଶ,௦;	ିଶ,௦, 
∆σ௟,௦ୀାଶ,௦;	଴,௦, and ∆σ௟,௦ୀିଶ,௦;	଴,௦ when ݏ ൌ േ1. 
 
Superchiral field 
In addition to the dichroism, the OAM-reshaped vortex beam can possibly affect the 
entire superchiral field C  defined in Eq. 10, which expresses the chirality of the 
13 
 
electromagnetic field. Regarding the background chiral field included in Eq. (10), only 
the distributions are changed for the incident beam with different values of ݈ (Figure 
8a), which is as expected. However, because of the illumination of light wavefront on 
the particle in time sequence with different polarization-induced modes, the total fields 
yielded by the nanoparticle under opposite values of ݈ are very different, as shown in 
Figure 8b. It can be determined from the figure that when	݈ and ݏ have the same sign, 
the superchiral field will be enhanced as compared with the case in which ݈ ൌ 0, and 
will be much stronger than in the cases in which ݈ and ݏ have opposite signs. For the 
case in which l = +2, the superchiral field is weak because the radius of the donut-
shaped illumination field becomes so large that the incident intensity on the particle 
itself is weak. Therefore, when 	݈  and ݏ  have opposite signs, they will cancel the 
superchiral field. The chiral field enhancements (as compared with CPL in a plane wave 
with Cେ୔ ൌ േε଴/2cωE଴ଶ) are shown in Figure 8c, and the phenomenon is similar to that 
presented in Figure 8b. From the enhancement distributions, it is evident that, for the 
increase of |݆|  when the value of |݈|  is fixed, the maximum superchiral field 
enhancement increases substantially. The results indicate that, in addition to SAM, 
OAM can also be used to enhance the chiral field.  
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Figure 8. (a) Top view of optical chirality under a background electric field at 1000 nm when 
݈ ൌ 0	, േ1,േ2 and ݏ ൌ േ1. (b) Optical chirality of a gold cuboid-protuberance chiral 
structure under the same conditions. (c) Optical chirality enhancement factor[22] C/Cେ୔ 
under the same conditions, where Cେ୔ ൌ േε଴/2cωE଴ଶ.  
 
Emission angle 
As the OAM excites different parts of the nanoparticle, which leads to the emergence 
of more modes, the emission angle of the scattered light is expected to be different 
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because of the interference of the modes emission in far fields; in particular, the 
interacting electric and magnetic dipoles act as a Huygens source. The emission angle 
can usually be detected by the Fourier back plane (FBP) imaging technique.[50] The 
FBP pattern is got from the interference of all of the discrete-mesh dipoles emission in 
far field.[51-53] 
The FBP imaging results for the particle at specific peaks are plotted in Figure 9. As 
shown in Figure 9a when ݈ ൌ 0  and the ݏ  value changes, the FBP reveals a 
symmetrical distribution; when ݏ ൌ 0 and the ݈  value changes, the FBP does not 
change significantly; when ݈ and ݏ are not equal to 0, the FBP presents a symmetrical 
distribution and is not the same as the previous distribution, which demonstrates that ݏ 
is related to the symmetry of the FBP. Additionally, although ݈ is irrelevant, it has an 
influence on the distribution of the FBP. Therefore, OAM can also be used to multiply 
the light emission directions. The emission angle also serves as proof that the coupled 
electric and magnetic dipole modes are quite different because each electric and 
magnetic dipole combination can be treated as a Huygens source that has a uniform 
directed emission, and can extend the electric-magnetic interaction mechanism of a 
vortex with OAM. 
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Figure 9. (a) FBP imaging of a gold cuboid-protuberance chiral structure at the peaks at 810, 
990, 1020, and 1470 nm with ݈ ൌ 0,േ1 and ݏ ൌ േ1. (b) FBP imaging at 810 nm when ݈ ൌ
0,േ1,േ2 and ݏ ൌ േ1. 
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Discussion and conclusions 
In this paper, the dichroism responses of a chiral cuboid-protuberance structure excited 
by an L-G beam with both OAM and SAM were investigated. The combination of the 
polarization variation of SAM and the spatial variation of OAM caused rich, excited 
modes that exhibited quite different resonant peaks. When |݈| ് 0 and |ݏ| ് 0, the 
dichroism had a very large value and decreased with the decrease of |݆|. In presence of 
nonzero |݈|, the CP-induced (ݏ ൌ േ1) dichroism is greatly enhanced against the case 
of ݈	 ൌ 	0, as well as in presence of non-zero s, the OAM-induced (݈ ൌ േ1) dichroism 
is enhanced against the case of ݏ	 ൌ 	0. The mixed electric-magnetic polarization Gᇱᇱ, 
which reflects the interaction of the induced electric and magnetic modes, was 
attributed to the response of the large dichroism. Because of the wavefront-reshaping 
effect of the vortex beam, the particle was found to be excited with the vortex wavefront 
in a time series, which induces more plasmonic modes on the particle and ultimately 
changes the strength and interaction of the electric and magnetic dipoles. Because the 
intensity in the middle area of the focused beam becomes very weak as ݈ increases, 
the value of the spectra will be very small. To get comparable results, the beam waist is 
fixed, which makes the paraxial approximation not valid in the long wavelengths[48]. 
So in our study, the ݖ  component of the excitation beam is ignored (because the 
nanoparticle is very thin as that the polarizability in ݖ direction is ignorable)[54], 
which is still quite similar to the plane wave in the waist position. Because the 
phenomenon in this work is caused by the phase retardation of vortex beam in time, our 
approximation still works for the mechanism. And additional simulations with paraxial 
condition show similar phenomenon. The co-action of OAM and SAM was also found 
to significantly change the superchiral near-field distributions, which provides a new 
approach for the manipulation of light on the nano-scale. The combination of OAM and 
SAM would be expected to bring rich phenomenon in cases of light interaction with 
metamaterials formed by combination of multiple identical such chiral elements. 
Therefore, this study paves the way for the investigation and application of vortex 
beams with OAM and SAM in chirality.  
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